Abstract: Information on structural composition of organic matter (OM) in particle-size fractions of soils along a climo-biosequence is sparse. The objective of this study was to examine structural composition and morphological characteristics of OM in particle-size fractions of soils along a climo-biosequence in order to better understand the factors and processes a ecting structural composition of soil organic matter. To explore changes in structural composition of OM in soils with di erent pedogenesis, the A-horizon was considered for further analyses including particle-size fractionation, solid-state C nuclear magnetic resonance (NMR) spectroscopy and scanning electron microscopy (SEM). Due to the increase in the thickness of organic layer with increasing elevation, the A-horizon was situated at greater depth in soils of higher elevation. The relationship between relative abundances of carbon (C) structures and particle-size fractions was examined using principal component analysis (PCA). It was found that alkyl C (20.1-73.4%) and O-alkyl C (16.8-67.7%) dominated particle-size fractions. The proportion of alkyl C increased with increasing elevation, while Oalkyl C showed an opposite trend. Results of PCA conrmed this nding and showed the relative enrichment of alkyl C in soils of higher elevation. Increase in the proportion of alkyl C in 250-2000 µm fraction is linked to selective preservation of aliphatic compounds derived from root litter. SEM results showed an increase in root contribution to the 250-2000 µm fraction with increasing elevation. For the <53 µm fraction, pedogenic process of podzolization is responsible for the relative enrichment of alkyl C. This study demonstrates that changes in structural composition of OM in particle-size fractions of soils along the studied climo-biosequence are attributed to site-speci c di erences in pedogenesis as a function of climate and vegetation.
Introduction
Climatic factors and vegetation types are believed to control structural composition of soil organic matter (SOM) [1] . Climate and vegetation are considered as two independent variables in the state-factor model [2] . According to this model, climo-biosequences allow evaluating e ects of climate and vegetation on soil development [3] . Climobiosequences can also be used to examine changes in the structural composition of SOM as in uenced by climate and vegetation. In addition, climate-gradient studies (i.e. climosequences) by substituting space for time offer further insight into the e ects of climate on such structural alterations occurring over longer periods of time [4] . Studies on structural composition of SOM along the climatic and bioclimatic gradients have focused on bulk soil, e.g. [1, 5, 6] and often disregarded fractions of SOM.
Several chemical and physical fractionation schemes have been proposed to isolate SOM fractions with similar chemical/physical composition [7] . Physical fractionation of soil based on the size and/or density of particles leads to the separation of uncomplexed organic matter (OM) and organo-mineral complexes [8, 9] . Such fraction-ation procedure yields OM fractions that are more chemically homogenous compared to the bulk soil [10] . Particlesize fractionation aims to separate OM associated with primary particles (i.e. sand, silt, and clay) after complete disaggregation [11] . SOM pools obtained from particle-size fractionation are directly related to the structure and functions of SOM in situ [12] . For example, of the OM pools isolated via particle-size fractionation, the OM in the sand fraction known as particulate organic matter (POM) shows the most structural similarities to the original plant input [10] . This normally labile fraction provides a source of energy and nutrients for microorganisms [13] . Solid-state C cross-polarization magic angle spinning nuclear magnetic resonance ( C CPMAS NMR) spectroscopy has been widely used to examine the structural composition of OM in particle-size fractions, e.g. [14] [15] [16] [17] [18] [19] . This method is nondestructive and doesn't require extraction of OM [20] . The C CPMAS NMR spectra, which are run under similar experimental conditions, allow semi quantitative characterization of OM in particle-size fractions [15] . Generally, the proportion of alkyl C would increase and O-alkyl C decrease with decreasing particle-size [21] .
Little is known about changes in structural composition of OM in particle-size-fractions of soils along a climo-biosequence. Examining soils within a mountain range is considered as a common form of climosequence and/or climo-biosequence [3] . The Main Range of Peninsular Malaysia, the backbone mountain range located in the center of the peninsula, extends northward into the Peninsular Thailand and southward to the Indonesian tin islands [22] . Gradients of soil forming factors such as climate and vegetation on fairly uniform parent material in the Main Range [23] enables us to investigate such alterations in structural composition of OM. The research question is whether changes in structural composition of OM in particle-size fractions of soils along a climo-biosequence can be ascribed to di erences in climate and vegetation or pedogenesis as a function of the two variables. Our objective was to examine structural composition and morphological characteristics of OM in various particle-size fractions of soils along a climo-biosequence in order to better understand the factors and processes a ecting structural composition of SOM. We hypothesized that pedogenesis as a function of climate and vegetation controls structural composition of OM in particle-size fractions of soils along a climo-biosequence. To test this hypothesis, samples from the A-horizon of soils were fractionated into three particle-size fractions (250-2000 µm, 53-250 µm, and <53 µm). The structural composition and morphological characteristics of OM in each particle-size fraction were analyzed by C CPMAS NMR spectroscopy and scanning electron microscopy (SEM), respectively.
Materials and methods . Study area and soil sampling
The study area was located along an elevation gradient in the Main Range of Peninsular Malaysia (04°14'-04°31'N, 101°18'-101°23'E) ( Figure 1 ). Variation in climate and vegetation was a major cause of di erences in pedogenesis along the respective elevation gradient. After preliminary eld studies, a group of four soil pro les (P1-P4), representative of major elevation zones, were examined (Table 1) . According to the state-factor model [2] , this group of soils formed a climo-biosequence in which two of the state factors (climate and vegetation) were allowed to vary and the other three were held constant as much as possible. With increasing elevation, mean annual temperature decreased from 26.9°C recorded at Hospital Tapah meteorological station (04°12'N, 101°16'E; 35.1 m asl) to 18°C recorded at Cameron Highlands meteorological station (04°28'N, 101°22'E; 1545 m asl). The mean annual rainfall was 3282 mm at the Hospital Tapah station and 2977 mm at the Cameron Highlands station. The occurrence and duration of fog as an additional water input increased with increasing elevation [24] . As a function of climatic factors, four vegetation zones occur with increasing elevation, progressing from hill dipterocarp forest (<750 m asl) through upper dipterocarp forest (750-1200 m asl), myrtaceous forest (1200-1800 m asl), and ericaceous forest (>1800 m asl) [25] . All sampling sites were situated on similar geomorphic position with slopes ranging from 20 to 30%. All soils were developed from granitoid parent material [23] . The granitoid bedrock in the Main Range of Peninsular Malaysia is of Triassic age (200-230 Ma) [22, 26] . This claim had been proven by U-Pb zircon emplacement which indicated the age of granite ranging from late Triassic (230 ± 9 Ma) to early Jurassic (207 ± 14 Ma) with a peak around 210 Ma [27] . Accordingly, the geomorphic age was assumed similar for all sampling sites.
Soil samples were collected by pedogenic horizons [28] , air-dried and passed through a 2-mm sieve in order to remove coarse fragments. In the current study, to explore changes in structural composition of OM in soils with di erent pedogenesis, the A-horizon was considered for further analyses including particle-size fractionation, solid-state C CPMAS NMR spectroscopy, and scanning electron microscopy (SEM). The thickness and situation of the A-horizon in the studied soil pro les are illustrated in Figure 2 . 
. Soil analysis
Soil pH was measured in 1:2.5 soil to water ratio [29] . Total carbon (TC) was determined by dry combustion method using LECO TruMac elemental analyzer. The absence of inorganic carbon (C) was con rmed by 4 mol L − hydrochloric acid (HCl) [30] ; therefore, the concentration of TC was equal to organic carbon (OC). Total nitrogen (N) was analyzed by Kjeldahl digestion [31] .
. Particle-size fractionation
The particle-size fractionation procedure described in Sanderman et al. [7] was modi ed to use in this study. Soil samples were subjected to chemical dispersion by adding 40 mL sodium hexametaphosphate (5 g L − ) to 10 g of the soils (<2 mm) that were previously weighed in 50 mL centrifuge tubes. Soil samples and dispersant were mixed for 30 s using vortex mixer. Based on preliminary experiment, 10 5-mm glass beads were added to each centrifuge tube to aid in complete soil dispersion. Samples were then shaken for 16 hours on a rotary shaker set to 60 rpm. Wet sieving using stacks of 250 and 53 µm sieves separated 250-2000 µm (coarse sand) and 53-250 µm ( ne sand ) fractions. Thereafter, the remaining particles including silt and clay were occulated using saturated aluminum sulfate, kept overnight, and centrifuged to obtain the <53 µm fractions. The <53 µm fractions were washed three times with distilled water to remove extra salt. All fractions were oven-dried at 65°C, homogenized and weighed to calculate mass recovery. Particle-size fractionation was carried out in triplicate to get enough materials for further analyses. After fractionation, between 98.1 and 99.5% of initial masses were recovered. A nely ground (<250 µm) subsample from each fraction was analyzed for TC by LECO TruMac elemental analyzer. The TC recovery ranged from 92.4 to 109.6%.
. Sample preparation for solid-state C CPMAS NMR analysis
OC in the 250-2000 µm fraction had to be concentrated prior to solid-state C CPMAS NMR analysis by reducing the amount of sand particles in this fraction. To this end, the 250-2000 µm fraction was subjected to sodium polytungstate (SPT) (Sometu, Germany) solution adjusted to a density of 1.85 g cm − . Density of 1.85 g cm − was chosen based on the study of Cambardella and Elliot [32] . Particles in sediment of density higher than 1.85 g cm − were mostly composed of sand grains while the OM in SPT solution was oated. The oated materials were separated with the aid of Büchner funnel tted with a 0.7 µm glass ber lter (Sartorius, Germany) and washed with 100 mL distilled water to remove the SPT. The OM on the lter was oven-dried at 65°C for 24 hours. The organic materials were brushed o from the surface of the lter and kept in plastic vial for C CPMAS NMR analysis. The 53-250 µm fractions were taken for C CPMAS NMR analysis without any preparation.
Hydro uoric acid (HF) treatment was applied to the <53 µm fractions before C CPMAS NMR analysis in order to enhance the signal to noise ratio of the NMR spectra through concentrating OC and reducing the interference from paramagnetic compounds [33] . HF treatment procedure was adapted from Sanderman et al. [7] . Brie y, 37.5 mL of 2% HF was added to the 2.5 g (<250 µm) <53 µm fractions (soil/solution ratio of 1/15), thoroughly mixed using vortex mixer and shaken in the sequence of 5 times for 1 hour, 3 times for 16 hours, and 1 time for 48 hours. At the end of each shaking stage, samples were centrifuged at 2000 rpm for 15 min. The supernatant of the rst three treatments was ltered using 0.7 µm glass ber lter to collect the light fractions oated in HF, which were recombined with nal samples at the end of the treatment. Subsequently, the samples were washed three times with distilled water to eliminate extra HF, transferred to preweighed 500 mL polypropylene beaker, and oven dried at 65°C. Those samples that dispersed during the washing stage were occulated with saturated aluminum sulfate.
.
Solid-state C CPMAS NMR analysis
The structural composition of OM in particle-size fractions were examined by solid-state C CPMAS NMR spectroscopy. The spectra were acquired on a JEOL ECA 400 spectrometer (JEOL NMR, JEOL RESONANCE, Inc., Japan) equipped with 9.4 T (400 MHz) magnetic eld operating at a C resonance frequency of 100.53 MHz. Finely ground samples were loaded into a 4 mm-diameter silicon nitride rotor with Vespel® cap and bottom, packed down rmly, and spun at 6 kHz. RAMP-CP was employed to compensate the cross polarization (CP) ine ciencies at high elds and high spinning rates. The acquisition parameters for CP analysis were set as follows: a 5 s relaxation delay, 2.75 µs proton 90°pulse length, 1.5 ms contact time, and 50.9 ms acquisition time. The number of scans for all samples was 15000. The chemical shift was referenced to high frequency adamantine peak (38.55 ppm) spectrum [34] which was measured independently with identical spectrometer setting. The measurement data (free induction decay) was processed with Delta v5.0.3 software (JEOL RESO-NANCE, Inc.). One-dimensional (1D) NMR data processing included DC balance, zero lling to 8 k, and single exponential line broadening of 50 Hz, fourier transform, phase and baseline correction. The spectra were plotted between -100 and 300 ppm and stacked by Y o set using the OriginPro 9.1 software (Originlab Corporation, Northampton, USA). Four chemical shift regions were apparent on the spectra as follows: 0 to 45 ppm (alkyl C), 45 to 110 ppm (oxygenated alkyl C, abbreviated as O-alkyl C in further text), 110 to 165 ppm (aromatic and phenolic C), and 165 to 215 ppm (carbonyl C including carboxylic, ester, amide and ketone C). The relative abundances of C structures were determined by integration of the spectra using the chemical shift limits and expressed as a percentage of total signals.
To evaluate the extent of decomposition of OM in particlesize fractions, alkyl C/O-alkyl C ratio was calculated [35] . Variation in relative intensities due to 1D NMR data processing was less than 6%.
. Scanning electron microscopy
Unground samples of 250-2000 and 53-250 µm fractions and ground samples of <53 µm fractions were placed on SEM stub that was covered with a thin layer of high conductivity paint (Acheson Colloids Company, Plymouth) to x the samples. The samples were gold-coated prior to SEM analysis. Gold-coated samples were imaged with SEM (LEO 1455 VPSEM) with both quadrant back scattering detector (QBSD) and secondary electron detector (SE). The electron beam acceleration voltage of 10 kV was used to avoid charging of the particles. Spectrograms were recorded using energy dispersive X-ray (EDX) detector (Oxford Instruments Analytical Ltd, UK) attached to the electron microscope to investigate the elemental composition of the samples. The atomic O/C ratios of POM in 250-2000 µm fractions were calculated as the criteria re ecting the oxidation state of organic particles.
. Statistical analysis
Calculations of mean and standard deviation were performed using Microsoft® Excel® 2010 (Microsoft, Redmond, USA). The relationship between relative abundances of C structures (alkyl C, O-alkyl C, aromatic C, and carbonyl C) as variables, indicating changes in structural composition of OM, and a total of 12 particle-size fractions separated from the A-horizon of four soil pro les was examined using principal component analysis (PCA). Two principal components were extracted. These components represented 90.9% of variance in structural composition of OM in particle-size fractions. PCA was performed using OriginPro 9.1 software (Originlab Corporation, Northampton, USA). 
Results and discussion . Soil characterization
The soils under study were classi ed as Typic Paleudults (P1), Typic Haplohumults (P2), Typic Haplorthods (P3) and Terric Haplosaprists (P4) ( Table 1 ). All soils were acidic with pH values varying from 4.00 to 4.56 ( Table 2 ). The soils exhibited high OC concentration ranging from 13.3 to 43.2 g kg − (Table 2) . Table 3 shows the distribution of particle-size fractions, OC size pools and their distribution in the bulk soil samples from the A-horizon of the studied soils. The <53 µm fraction was the dominant fraction in P1 and P2, followed by 250-2000 and 53-250 µm fractions. However, in P3 and P4, the dominant fraction was 250-2000 µm which was followed by <53 and 53-250 µm fractions. The OC content in the <53 µm fraction was larger than the other two fractions in all soils. This fraction accounted for 61.5-92.3% of the total OC.
. Structural composition of organic matter in particle-size fractions Figure 3 shows the solid-state C CPMAS NMR spectra acquired for particle-size fractions from the A-horizon of the studied soils. Resonances around 30, 72, 105, and 173 ppm were observed in all C CPMAS NMR spectra.
Other common resonances in the spectra collected from studied soils are around 56, 65, 88, 130, and 150 ppm. The resonance near 30 ppm was typical for methylene C in long chain aliphatic compounds (i.e. fatty acids and waxes). The peak near 56 ppm corresponded to methoxyl carbon [36] . The resonance around 72 ppm was assigned to C2, C3, and C5 and that near 105 ppm to anomeric C1 in cellulose and hemicellulose, which were accompanied by the shoulders around 65 and 88 ppm corresponding to C6 and C4 carbons, respectively [37] . The signals near 130 and 150 ppm were attributed to C-or H-substituted and O-substituted (e.g. phenolic C) aromatic carbon, respectively, in lignin. Carboxylic, amide, and ester carbon occurred near 173 ppm [14] . Table 4 shows the distribution of C structures in the particle-size fractions separated from the A-horizon of the studied soils. Alkyl C (20.1-73.4%) and O-alkyl C (16.8-67.7%) dominated the particle-size fractions (more than 80% of the total signals), which agrees with the ndings of Schöning and Kögel-Knabner [18] who reported the dominance of alkyl C and O/N-alkyl C in particle-size fractions throughout the Cambisol and Luvisol pro les under forests in France and Germany. Compared to alkyl C and O-alkyl C, low proportion of aromatic C and carbonyl C were observed in most samples. Figure 3 and Table 4 clearly demonstrate that structural composition of SOM was strongly in uenced by particle size. The proportion of alkyl C increased, while the proportion of O-alkyl C decreased from 250-2000 to <53 µm fractions. A decrease in the O-alkyl C with decreasing particle-size indicated the preferential decomposition of carbohydrates in plant [37] . The accumulation of alkyl C in the ne fractions of the studied soils could be due to both the selective preservation of aliphatic compounds in organic residues and in situ synthesis of alkyl-type products by microorganisms as stated by Baldock et al. [14] . Aromatic C was mainly concentrated in the 53-250 µm fractions likely due to the usage of easily decomposable carbohydrates by microorganisms leading to selective preservation of more recalcitrant compounds. Baldock et al. [14] reported a similar dominance of aromatic C in the ne sand and silt fractions of soil samples from Mollisols and Oxisols. The contribution of aromatic C to the ne fractions was rather small. This occurs if the soil has not been subjected to regular burning [18] . Di erences in the proportion of carbonyl C were variable and did not follow the consistent trend in all soils.
The results of C CPMAS NMR in this study are in general agreement with the ndings of previous studies, which used C CPMAS NMR analysis to characterize the structural composition of OM in particle-size fractions, e.g. [14, 18, 19, 37] . In each soil and from the same parent vegetation, di erences in structural composition of OM between fractions of physical fractionation were possibly ascribed to a di erent degree of decomposition as stated by Golchin et al. [9] . The extent of decomposition in the respective particle-size fractions followed the model formulated by Baldock et al. [14] . According to this model, decomposition of plant residues followed a continuum from not degraded plant residues in the larger fraction (250-2000 µm) to partially decomposed plant residues in the intermediate fraction (53-250 µm) to degraded residues in the nest fraction (<53 µm). In this regard, the alkyl C/O-alkyl C ratio as an index of the extent of decomposition [35] increased from 250-2000 to <53 µm fraction in all studied soils (Table 4) . Consequently, OM associated with coarse sand consisted of labile plant residues, while stable carbon tended to be associated with clay+silt particles. In comparing soils along the climo-biosequence, the proportion of alkyl C increased, whereas the proportion of O-alkyl C decreased with increasing elevation. The proportion of aromatic C and carbonyl C did not show any trend along the climo-biosequence. Results of PCA veried the above-mentioned nding (Figure 4) . The biplot showed the e ectiveness of the rst component, mainly composed of O-alkyl C and alkyl C, in separating particlesize fractions of soils at low and high elevations. In this biplot, particle-size fractions of P4 were concentrated near the vector of alkyl C showing relative enrichment of alkyl C in soils of higher elevation. These changes are explained by di erences in pedogenesis as a function of climate and vegetation. A decrease in temperature with rising elevation slows down the decomposition of SOM [3] , providing conditions for the accumulation of OM on the soil surface. In addition, poor degradability of litters from plants with high waxes such as genera of ericaceous and mosses (abundant in the forest above 1800 m asl) could retard the process of decomposition in areas of high elevation. In another study, we found organic horizons of soil under eri-caceous forest (P4) were rich in aliphatic structures [38] . Therefore, thickness of the organic layer increased with increasing elevation. Accordingly, the A-horizon was located at greater depth with increasing elevation (Figure 2 ). For example, the A-horizon of P4 was overlain by 80 cm organic horizons with sequence of O i -Oe-Oa. The aboveground organic input had little in uence on the OM composition in soils of higher elevation where the A-horizon was situated at greater depth. At greater depth OM was almost derived from root litter. The aliphatic nature of POM in 250-2000 and subsequently 53-250 µm fractions from the A-horizon of P4 might originate from root-derived suberin. Rumpel et al. [39] and Nierop [40] found an important contribution of root-derived suberin to SOM composition at greater depth in which POM was mainly derived from root litter. The presence of root fragments in the 250-2000 µm fraction from the A-horizon of P4 was con rmed by electron microscopy (Figure 5d ). In the <53 µm fraction of the A-horizon from the respective soil, in addition to in situ synthesis of aliphatic structures by microorganisms, podzolization was responsible for the relative enrichment of alkyl C by transporting hydrophilic O-alkyl and carboxyl C to the subsoil. Podzolization was the active pedogenic process in soils of higher elevation (P3 and P4) in the Main Range of Peninsular Malaysia (A.H. Jafarzadeh-Haghighi, unpublished data). The OM in the <53 µm fraction are often in association with clay and silt particles. The clay+silt particles provide remarkable degree of biological protection [41, 42] . The shape of organic particles and their surface characteristics may depend on the original plant species and the type of fragment (e.g. leaves and roots) as well as the degree of decomposition that the organic particle has undergone [43] . SEM micrograph of the 250-2000 µm fractions indicated similarities between POM in this fraction and the original plant fragments. For example, cell alignment (Figure 5b , 5c, and 5d) was easily recognizable in this fraction. This is similar to the ndings of Kaiser et al. [43] for di erent coarse organic particles ranging from 315 to 2000 µm and Golchin et al. [9] for the free light fractions (<1.6 g cm − ). Inspection of this fraction under higher magni cation clearly showed the presence of ne mineral particles with an angular shape on the surface of organic particles ( Figure 5b ). This phenomenon indicated possible interactions of soil mineral particles with products of the microbial metabolism as stated by Kaiser et al. [43] ; however, some were free of mineral components. In terms of visual appearance, the POMs in 250-2000 µm fraction become more rounded and blackish with increasing elevation. For example, several discrete spheres were observed in 250-2000 µm fraction from the A-horizon of P4. These particles were amorphous under SEM. By applying EDX to the randomly selected POMs in 250-2000 µm fraction from the A-horizon of all studied soils, POM of P4 showed lower atomic O/C ratio compared to its counterpart in other soils revealing higher degree of decomposition ( Figure 5 ). SEM and EDX results supported the ndings of C CPMAS NMR and helped to interpret the higher alkyl C/O-alkyl C ratio for 250-2000 µm fraction of P4 compared to the other soils. SEM and EDX ndings revealed that in addition to selective preservation of alkyl C derived from root litter, the contribution of alkyl C to 250-2000 µm fraction of P4 increased due to increase in decomposition of plant residues at greater depth which, in turn, resulted in high alkyl C/Oalkyl C ratio for the respective fraction. The smaller POM particles appear to be more decomposed than the larger particles [32] . The 53-250 µm fractions contained smaller POM compared to that of the 250-2000 µm fraction. The POM in the 53-250 µm fractions bore little resemblance to the parent vegetation fragment, and seemingly more decomposed than POM in 250-2000 fraction (Figure 6a and 6b) . However, undecomposed plant debris and ne roots can also be observed in some samples. Similar results were reported for ne sand fraction (20-250 µm) by Amelung et al. [44] . It is believed that OM in <53 µm fraction consisted of microbiologically altered plant residues and microbial residues. In this fraction, OM was intimately associated with mineral particles. Due to reaggregation during the process of oven drying, this fraction showed several microaggregates having organomineral character (Figure 6c) . Thus, compared to the other two fractions, OM particles in this fraction were not visible under electron microscope; however, the presence of C was identi able by EDX spectrograms.
Conclusions
The following conclusions were obtained from this study: 1. Changes in structural composition of OM in particlesize fractions from the A-horizon of soils along the studied climo-biosequence are attributed to di erences in pedogenesis as a function of climate and vegetation. Depth of the A-horizon, root litter input, and pedogenic processes have crucial impacts on structural composition of SOM in particle-size fractions; 2. An increase in the proportion of alkyl C in the coarse fractions (250-2000 and 53-250 µm) of the studied soils with increasing elevation is ascribed to selective preservation of aliphatic compounds derived from EDX spectrum is displayed at one area by S1
root litter. For the ne fraction (<53 µm), pedogenic process of podzolization is responsible for the relative enrichment of alkyl C; and 3. This study con rms that results of SEM/EDX could be a good complement for C CPMAS NMR spectroscopy for studying the degree of decomposition of POM in 250-2000 and 53-250 µm fractions.
